The calculated photon dose rates from the long-lived (r1/2 > 1 min) photon-and positron-emitting radioactive nuclides produced when 200-GeV protons are incident on a senli-infinite cylindrical iron beam stop having a radius of 40.64 cm (16 in.) are compared with the calculated photon dose rates from long-lived photon-and positronemitting radioactive nuclides produced by 200-GeV protons in semi-infinite beam stops having a 30.48-cm (12 in.) radius iron core but surrounded by either 5.08 Cln (2 in.) or 10.16 cm (4 in.) of lead. Data are also presented comparing the calculated photon dose rates from the long-lived photon-and positron-emitting radioactive nuclides produced when 200-GeV protons are incident on semi-infinite cylindrical iron beam stops having radii of 10.16 cm (4 in.), 20.32 cnl (8 in.), 30.48 cm (12 in.), and 40.64 cm (16 in.).
INTRODUCTION
The photon dose rates from photon-and positronemitting radioactive residual nuclides produced by sustained bombardment of accelerator beam stops by high-energy protons may present a significant radiation hazard to personnel and equipment in the vicinity of the beam stops. In order to minimize this hazard, the shielding engineer must know not only the magnitude of these dose rates but also how these dose rates change with energy, material, geometry, and time. In the results reported here, the calculated photon dose rates from the longlived (Lf> 1 min) photon-and positron-emitting radioactive nuclides produced when 200-GeV protons are incident on a semi-infinite cylindrical iron beam stop having a radius of 40.64 em (16 in.) are compared with the calculated photon dose rates from long-lived photon-and positronemitting radioactive nuclides produced by 200-GeV protons in semi-infinite beam stops having a 30.48-cm (12- The methods of calculation are discussed in Sec. 2, the results are presented in Sec. 3 , and a summary of the conclusions is presented in Sec. 4.
METHODS OF CALCULATION
A schematic diagram showing the coordinate system and composition of the beam stops considered in this study is given in Fig. 1 . The isotopic composition and density of the iron and lead were taken to be those that occur naturally. The three-dimensional high-energy nucleonmeson transport code RETC 1 was used to obtain a detailed description of the nucleon and meson cascade produced by the 200-GeV proton reactions in the beam stops. This Monte Carlo code takes into account the slowing down of charged particles via the continuous slowing-down approximation, the decay of charged pions and muons, nonelastic nucleon-and charged-pion-nucleus (excluding hydrogen) collisions through the intranuclear-cascadeevaporation model 2 (E; 5 3 GeV) and the extrapolation-evaporation model 3 (E~3 GeV), nonelastic nucleon-and charged-pion-hydrogen collisions via the isobar model 4 (E;5 3 GeV) and phenomenological fits to experimental data 5 (E~3 GeV), elastic neutron-nucleus collisions (E;5 100 MeV), and elastic nucleon-and chargedpion-hydrogen collisions. In the RETC calculations, nucleons were transported to 15 MeV and charged pions were transported to I"V 2 MeV with negative pions being captured when they slowed down to their cutoff energy.
For the transport of neutrons below 15 MeV and of y-rays from decaying nuclei, the threedimensional multigroup neutron and y-ray Monte Carlo transport code MORSE 6 was used. The neutron cross-section data required in MORSE were obtained from Refs. 7 and 8. The y-ray cross-section data for use in MORSE were obtained from the computer code MUG,9 which utilizes the Klein-Nishina formula and the OGRE 10 library tape.
The spatial dependence of the photon-and positron-emitting radioactive nuclides required to define the source kernel for the y-ray transport was obtained by a direct analysis of the information generated by RETC. The production of these radioactive nuclides by neutrons with energỹ 15 MeV was obtained when needed by integrating over neutron energy the product of the neutron flux per unit energy obtained from MORSE and the macroscopic residual nuclide-production cross sections. 11 The production of a given nuclide can also result from the decay of another nucleus that was produced in a nuclear interaction (by one or several decay steps). For the problem considered here, this mode of radioactive nuclide production in iron is relatively insignificant and has been ignored. For some of the radioactive nuclides produced in lead, however, this production mode is important and has been included in these calculations.
To obtain the time dependence of the buildup and decay of activity, it was assumed that the proton beam was turned on at time zero and maintained at a constant intensity until shutdown. For a nuclide produced directly from a nuclear interaction and not produced by the decay of another nuclide, the time dependence of the dose rate is given by
where Dj(r, t i , t s ) = the dose at r associated with the jth nuclide of half life Ttj for an irradiation time ti and a time after shutdown of t s , and Dj(r, 00, 0) = the dose rate r from the jth nuclide produced directly from nuclear interactions following an infinite irradiation time and zero shutdown time.
For a nuclide produced not only from a nuclear interaction but also' by the decay of another nuclide, the time dependence of the dose rate is given by D/r, ti , t s ) = D/r, 00, o{~(Tl + Tz + T3)+ T4} (2) where
, and
In these equations Ttk equals the half-life of a nuclide of type k that will decay into a nuclide of type j, and K is the ratio of the number of nuclides of type j produced per second to the number of nuclides of type k produced per second that ,viII decay into j. All other terms have been defined previously.
The y-ray source spectra from each of the nuclides considered were taken from the Nuclear Data Sheets 12 , and the y-ray flux-to-dose-rate conversion factors were obtained elsewhere. 
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RESULTS
The production rate of selected nuclides per incident 200-GeV proton per second in a semiinfinite iron beam stop of 40.48-cm radius by nucleons with energies > 15 MeV and pions with energies > 2.2 MeV (including negative-pion capture) as a'function of atomic mass number A and parameterized by atomic number Z is given in Fig. 2 . The long-lived (t"t> 1 min) photon-and positron-emitting radioactive nuclides considered in this study are inscribed by the solid circles. The lesser important nuclides are inscribed by the dashed circles, and estimates of the dose rates from these nuclides can be found in Ref. 14. The isotopes 56Mn and 54Mn, which are of interest in calculating the photon dose rates, are produced in nonnegligible quantities by neutrons below 15 MeV. The production of these isotopes by low-energy neutrons was calculated to be 21.9 and 20.8 nuclides per second per incident 200-GeV proton per second, respectively.
To simplify and summarize the spatial dependence of the nuclide production rates presented in Fig. 2 , normalized spatial distributions for the atomic mass ranges of 44~A~48, 48~A~52, and 52~A~56 are plotted in Figs. 3-5. These distributions can be used in conjunction with the data of Fig. 2 to obtain a reasonable estimate of the spatial dependence of the production rate for a particular nuclide.
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10- The production rates of selected nuclides in the 10.16-cm lead collar surrounding the' 30.48-cm radius iron beam stop are listed in Table I . Only lead and thalliurn isotopes are listed since they represent the significant reaction products. The production rates of other nuclides were obtained but were not needed for the present problem. The spatial dependence of these nuclides is summarized in Figs. 6 and 7 for the atomic mass ranges of 190~A~200 and 200~A~208, respectively.
The total photon dose rate averaged over the first 200 cm along the edge of the beam stop and the individual contributors to the total dose rate as a function of shutdown following an infinite irradiation time are shown in Fig. 8 for the 40.64-cm radius iron beam stop (case 1). The data have been normalized to one incident 200-GeV proton per second. In the production of 44SC and 52Mn, two isomeric states are formed. Since the calculated production rates include both isomers, and the relative contributions cannot be distinguished, it was assumed that each isomer was produced in equal amounts. This assumption is applied to all other isomeric states that are formed.
The average photon dose rates as a function of shutdown time following an infinite irradiation time for the 30.48-cm radius iron beam stop surrounded by 5.08 cm (case 2) and 10.16 cm (case 3) of lead are shown in Fig. 9 . Only the average total photon dose rate is shown for case 2. The individual contributors shown are for case 3. The same RETC transport results for case 3 were used for case 2 by removing from consideration in the y-ray transport the outer 5.08 cm of lead.
Comparing the average total dose rates in Figs. 8 and 9 leads to the conclusion that the lead collar substantially reduces the average total dose rate. For case 3, the average total dose rate from the active nuclides produced in the iron is insignificant. Some contribution ( '" 10-30 per cent) from these 176 T. A. GABRIEL AND R. T. SANTORO
11. Spatial dependence of the photon dose rates for cases 1 and 3. ing an infinite irradiation time. Tables II and IV give the spatial dependence of the dose rates from the individual nuclides for cases 1 and 3, respectively. These tables also include the individual contributors to the photon leakage flux. The line labeled 'albedo' in each table gives the photon dose or leakage flux from the front face of the beam stop. In Tables III and V , the photon leakage spectra have been normalized to unity and, in application, must be renormalized by the corresponding photon leakage flux values given in Tables II and  IV . The normalized data in Tables III and V were obtained by evaluating the spectra over the first 200 cm along the edge of the beam stop. Using the photon leakage flux values, renormalization will yield reasonable estimates of the spatial dependence of the photon leakage flux per unit energy.
The results in Table VI are the average dose rates and average photon leakage flux for case 2. The spatial dependence of the dose rates and photon leakage flux for this case are similar to the results obtained for corresponding nuclei presented in Tables II and IV. The data obtained for the lead nuclides in Tables IV and VI are the dose rates from the nuclides produced directly by nuclear interaction. To include the contribution from nuclide decay, Eq. 2 and the values of K specified in the tables must be used.
The average photon dose rate for an infinite irradiation time and zero shutdown time as a function of beam-stop radius is shown in Fig. 12 .
nuclides is observed in case 2, and this contribution has been included in the total-dose-rate curve shown in Fig. 9 .
Another comparison of the average total photon dose rates for the three cases discussed above is shown in Fig. 10 . For this comparison, several irradiation times have been considered. As observed in Fig. 10 , an additional advantage of surrounding the iron with lead is that the cooling rate is more rapid for the residual nuclei produced in the lead than for those produced in the iron.
The variations of the dose rates for cases 1 and 3 as a function of position along the edge of the beam stop are shown in Fig. 11 . These data, which are of prime interest in shielding, show the .peak photon dose rates at six minutes after shutdown following an infinite irradiation time. The peak photon dose rates are approximately a factor of two larger than the average dose rates shown in Figs. 8 and 9 .
Tables II-VI summarize the data for the various nuclides that contribute to the total photon dose rate, the photon leakage flux, and the photon leakage flux per unit energy for cases 1,2, and 3. These data were computed at zero shutdown timet follow- The beam stop for these data is composed entirely of iron. Data corresponding to the results presented in Table II are given in Tables VII-IX for radii  of 10 .16, 20.32, and 30.48 em, respectively. The normalized photon leakage spectrum is given in Table X for only the 20.32-cm-radius case because of the similarity in these data and the data for the 10.16-and 30.48-cm cases. As with case 2, the same RETe transport results for the 40.64-cm beam stop were used for the beam stops of smaller radii by removing from consideration in the photon transport the appropriate amount of iron.
SUMMARY
These calculations indicate that the photon dose rate surrounding an iron beam stop can be substantially reduced by replacing the outer few inches of iron with lead. This reduction in dose rate results from several considerations. The half-lives of the radioactive nuclides produced in the lead are, for the most part, shorter than those produced in the iron. Therefore, since a majority of the photon dose comes from those nuclides produced near the edge, this difference in half-life results in a more rapid cooling time for the iron-lead shield. Also, the self-shielding characteristics of the lead, as compared to a similar amount of iron, allows for a far greater reduction in photon leakage and therefore a greater reduction in the photon dose rate.
